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BORDEN’S REVIEW of NUTRITION RESEARCH 


DIETARY INTERRELATIONSHIPS: 


II. The Metabolism of Methyl Compounds 
By RUTH WOODS 


By the end of 1949, just about ten years after the original proposal of 


I the transmethylation concept*, at least two significant new aspects of this 


phenomenon had emergedt. These were (1) confirmation of an early in- 
dication that some degree of methyl synthesis actually occurs in the body and 
(2) that the need for dietary sources of methyl groups is markedly influenced 


> by the folic acid and vitamin B12 contents of the diet, or by the amounts of 


¥ these vitamins, particularly B12, made available through storage in the liver 








| from previous diets. 


These new aspects of the methylation story provoked many additional 
questions: Where does the synthesis of methyl groups take place? Is it a 
function of bacterial metabolism in the intestine or can the body tissues them- 
selves actually fabricate methyl-containing compounds? What are the build- 
ing blocks from which methyl groups may be created? To what extent does 
methyl! synthesis in the body contribute to the overall need for methyl groups? 
Are dietary sources of methyl groups still essential? Are all methyl donors 
equivalent or does methyl exchange involve reactions between specific com- 
pounds ? 

During 1950, preliminary answers to most of these questions began to 
appear with great rapidity from many laboratories. These have made it pos- 
sible to interpret the often paradoxical results of the experiments described 
in the first part of this Review and have helped to round out the picture of 
biological methylations as it appears today. 


Localizing the Biosynthesis of Methyl Groups: 


The growth of animals on methyl-free diets, under certain conditions, 
and the demonstration of the formation of deuteriomethyl groups by animals 
whose body fluids contained deuterium-labeled water (D2O) conclusively 
established the fact that labile methyl groups can be synthesized somewhere 
in the animal body. The probable key role of vitamin B2 and folic acid in 
this synthesis was also made evident through many of these studies. It now 
remained to establish whether body tissues are capable of this synthesis or 





oak are Review of Nutrition Research, October, 1942, “Labile Methyl Groups of Protein 
an oline.”’ 

_, te.f. Borden’s Review of Nutrition Research, February, 1951, “Dietary Interrelationships I. 
Anti-Anemia Factors and the Biological Methylating Compounds.” 
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whether these methyl groups were merely being furnished through intestinal 
absorption of these materials resulting from activities of intestinal bactetia, ; 
This distinction was impossible to make on the basis of experiments already { 
reported since, in all cases, both interpretations were conceivable. 


newest and most promising biological research tools developed — the germ. & 
free animal. 4 
The germ-free animal, described by Reyniers (1, 2) of Notre Dame, is f 

a remarkable achievement. Animals of this type are obtained under com- ' 
pletely sterile conditions by Caesarian section from pregnant mothers. mae 
are reared in a sterile atmosphere, under germ-free conditions, and fed sterile | 
food. Consequently, the animals themselves are completely germ free, even 
to their intestinal tracts which contain no bacteria or microorganisms of any )/ 
kind, either good or bad. Through studies with such animals it becomes |) 
possible to evaluate the role of dietary components without the complicating 
factor of supplementary supplies of nutrients which may result from the V 
activity of intestinal organisms. 


Thus, the germ-free animal provided the ideal means for the crucial 
experiment designed to determine the place where methyl-synthesis occurs. 
The workers at LOBUND and the group at Cornell collaborated in a joint | 
experiment to investigate this problem. The plan of the experiment was to | 
maintain rats of the LOBUND* (germ-free) strain with D2O in their | 
drinking water under both germ-free and non-sterile conditions at the LO- V 
BUND laboratories. For comparative purposes, ordinary rats of the Rock § 





land Farm strain were maintained at the Cornell laboratory under the usual )7 


laboratory conditions on the same diet as that used at LOBUND. 4 
A preliminary report of the experiment was set forth in a general papet | 
in Science by the Cornell group (3): 
Two male, germ-free animals reared by the technique of Reyniers were | 


maintained under germ-free conditions at LOBUND. Food and water were ) 


administered under sterile conditions and urine and feces were similarly | 
collected. Sterilized drinking water containing 10 atom percent DeO was |) 
given for 4 days, followed by 4 atom percent D2O for the rest of the test t 
period. The diet was essentially that already developed at LOBUND for 
rearing animals under germ-free conditions (containing all known vitamins § 
except choline and including biotin, folic acid and By2). At the end of vari- 
ous test periods, the germ-free animals were sacrificed under sterile condi- 





*Laboratories of Bacteriology, University Notre Dame. 
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sent to the Cornell laboratories for analysis. At the same time, similar prepa- 
rations from two other animals maintained at LOBUND under non-sterile 


? conditions were also sent to Cornell. In order to compare the colony of 
— animals under non-sterile conditions at LOBUND with the colony and ex- 
perimental conditions at Cornell, two animals were maintained at Cornell 
> on the same diet* as that used at LOBUND. In addition, two others were 
) maintained at Cornell on the LOBUND diet plus extra supplies of Bio. 


Determination of the synthesis of methyl groups was made by isolating 


7 choline from the tissues and excreta of the D2O-fed rats and analyzing for 
: the presence of deuterium. The results are summarized in Table 1. 


From the data in this table it is apparent that methyl groups were indeed 


| synthesized by the germ-free animals. The average deuterium level in the 
. body water during the experiment had been calculated as approximately 
2.5 atom percent. The enrichment of deuterium in the methyl groups of the 
choline isolated from the LOBUND germ-free rat after 23 days was 6.4 


percent of that in the body water. In the 10-day experiment involving the 


, rat under germ-free conditions, a value of 3.3 percent of that in the body 
water was obtained, an amount which is believed to agree quite well with 
’ that of the longer experiment. A somewhat higher value was obtained in 
"| the non-sterile LOBUND animals. Whether this difference was significant 
was questionable; it is possible that it may have reflected additional synthesis 


i 1 by bacterial microorganisms. The Cornell animals (non-sterile) on the LO- 











BUND diet synthesized methyl groups to about the same extent as did the 


) germ-free animals at Notre Dame. The extent of methyl synthesis by the 
| Cornell animals was not increased by providing extra vitamin B12 above the 
+ amount contained in the LOBUND diet. These studies established conclu- 


sively that synthesis of methyl groups does take place and that it occurs in 


> the tissues.** 


In Vitro Studies: Coincident with the work of the Cornell group, inde- 
pendent investigations along entirely different lines in another laboratory 
provided further evidence for the synthesis of methyl groups by the tissues. 
Thus, at Western Reserve University, Sakami (13) engaged in an investi- 
gation of acetone metabolism, noted that this product gives rise not only to 
acetate, but to formate as well. Sakami reported further that when C14- 
methyl-labeled acetone was administered to rats, appreciable radioactivity 
was found in the B-carbon of the serine isolated and also in the methyl car- 





*Prepared at LOBUND and shipped air express to Cornell to eliminate any possible differ- 


ence in source of dietary material. _ 
**These experiments were not designed to shed light on the question of bacterial synthesis 


which possibly is still not precluded. 
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bons of choline and methionine. This indicated that acetone may serve as a 
source of methyl groups. Using the B-carbon of serine as an indicator, it was 
shown that the f-carbon was not formed from formate via acetate, little 
activity being exhibited when C14-methyl-labeled acetate replaced the acetone 
in the foregoing experiment. Comparison of the incorporation of C1* into 
the B-carbon of serine from methyl-labeled acetone and formate indicated 
that formate formation is a major mechanism of acetone metabolism under 
these conditions. The finding of C1* in the methyl groups of choline and 
methionine suggested the possibility that actual synthesis of labile methyl 
groups occurred via formate. 

Further studies by Welch and Sakami (10) confirmed this possibility. 
They injected rats repeatedly with C14-formate. The animals were then sac- 


| rificed and the protein content of the tissues analyzed. Appreciable radio- 
, activity was noted in the methionine derivative isolated. In another experi- 


ment, rat liver slices were incubated in the presence of C1!4-formate, homo- 
cysteine, dimethylaminoethanol, folic acid and vitamin Bie. Again, a radio- 
active methionine derivative was obtained. Radioactive choline chloride was 


» also isolated from these rat liver slices. 


Thus, evidence from two widely divergent experimental approaches — 
in vivo studies with germ-free animals and im vitro studies on rat tissues — 
simultaneously and independently achieved the same goal, that of clearly 


) demonstrating the ability of animal tissues to synthesize methyl groups. 


The Metabolism of Methyl Groups: 


Early in the studies on transmethylation it was believed that labile methyl 
groups were transferred as intact units from one compound to another. Much 
of the evidence for this assumption stemmed from the isotope experiments 
of the Cornell group. In one of these studies, for example, duVigneaud e¢ al 
(4) fed rats for three months a diet in which the only source of methyl 
groups was a specially prepared methionine labeled with deuterium in the 
methyl group. At the end of this period the animals were killed and the 
choline and creatine content of the tissues were examined. It was found that 
the compounds contained, in their methyl groups, 89% of the deuterium 
ratio present in the methyl groups of the administered isotopic methionine. 
From this, three conclusions were apparent: 


1. Considerable transmethylation had occurred (from methionine to choline and 
creatine). 


2. The methyl group was transferred intact rather than through degradation to an 
intermediate product (as, for example, formaldehyde) having only two hydro- 
gen atoms instead of three (i.e. CH,O vs. -CHg). If such an intermediate had 
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been involved, the percentage of deuterium appearing in the choline and cre. [ 


tine could not have exceeded a maximum of 66% (i.e. 24). The fact that it 
was 89% indicated that the methyl group itself was directly involved. (The 
potential maximum of 100% might have eventually been reached if more time 


d 


had been allowed for complete replacement of the body’s original store of non- % 
* in 


labelled choline and creatine). 


3. Under conditions of this particular experiment*, very little synthesis de novo : 


of methyl groups occurred, the majority of methyl groups in choline and crea. ) 
tine arising via transmethylation. This was indicated again by the high per- © 
centage of deuterium in the choline and creatine. This showed that the methyl } 


oi 


groups of these compounds came from the labeled methionine in the diet, |7 
If the methyl groups had been synthesized, they would have no deuterium and | 


consequently the percentage of recovered deuterium would have been far less 
than 89%. 


Degradation of Methyl Groups: The investigation of methyl metabolism ) ; 
received renewed impetus with the synthesis of methionine containing radio. [ 


active carbon (C14) in its methyl group. The synthesis of radiocarbon methyl, 
announced by Melville e¢ a/ at Cornell (5) in 1947, made it possible to 
demonstrate for the first time the oxidation of the labile methyl group of 
methionine to carbon dioxide (6). In subsequent quantitative studies, Mac- 
kenzie and others of the Cornell group (7) found that as much as one. 
quarter of the radioactivity of C1*-labeled dietary methionine was recovered 
as expired COz during the first day, the loss continuing afterward at a slower 
rate. This, together with the appearance of marked methyl groups in excreted 
creatine, creatinine and N’methylnicotinamide indicates a heavy, constant 
drain on the methyl supply. 


Radiocarbon-labeled methyl compounds further made it possible to deter- 
mine the intermediate products in the oxidation of -CHg to COz and to con- 
firm earlier speculations as to the probable nature and metabolic function of 
these intermediates. Thus, Mackenzie (8) studying the metabolism of C'*- 
labeled sarcosine (a methyl-containing amino acid) by liver slices and homo- 
genates, was able to isolate radioformaldehyde and radiocarbon dioxide 
from these systems and to obtain evidence of the presence of radioformic 
acid (formate). He concluded, further, that most or all of the formate and 
COz2 formed in the oxidation of the methyl group arise by way of formal- 
dehyde. These studies provided the first direct evidence that formaldehyde 





*As duVigneaud points out, the diet then used was very low in folic acid and vitamin Bip. 
In the light of present knowledge (cf. Borden’s Review of Nutrition Research, February, 1951 
“I. Anti-Anemia Factors and the Biological Methylating Agents’) this may account for the mini- 








mum synthesis of methyl groups in this experiment. It may conceivably also explain the transfer | 


mechanism involving minimum or no intermediates. 
+Determined by collecting and precipitating exhaled CO and analyzing for radio carbon; also 
by determining radioactivity of CO from oxidized tissues. 
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is a normally occurring compound in the animal body, confirming the earlier 


suggestions and presumptive evidence of numerous other investigators. Mac- 
kenzie further stated that since collateral experiments had shown that the 


' methyl groups of methionine and betaine contribute to sarcosine formation 
» in the rat, “it follows that ‘biologically labile’ methyl groups as a class are 


7 sources of formaldehyde and formate in the body.” 
0v0 |= 
rea. 9 
per- P 
| and methionine, as well as from the f-carbon of serine and the a-carbon of 
liet. |= 


Simultaneously with the work of Mackenzie, Siekevitz and Greenberg 
(9) reported the formation of formate from the methyl groups of choline 


glycine.* These investigators also were able to show that formate is reduced 
to form the methyl group of methionine, both in vivo and in vitro. This 


) confirmed a similar report by Welch and Sakami (10). 


From these and other studies it is clear that methyl groups may undergo 


sm \ oxidative degradation to formaldehyde, formate and COze in the body and, 


lin. | 
yl, 
to U 


moreover, that these reactions are reversible in part so that formate or for- 
maldehyde, but not COz, may be reduced to form new methyl groups. The 
implications, thereby, of methyl biosynthesis are obvious. That methyl groups 
also may be transferred intact, without degradation and resynthesis, however, 
has already been shown (4). As late as September, 1950, Siekevitz and 
Greenberg (9) stated “the partial oxidation of labile methyl groups may 
have no great significance for transmethylation in the animal organism.” 
The fact that this reaction is reversible, however, as well as other pertinent 
evidence — all of which became available almost simultaneously during 
1950 — served to strengthen the belief that, under certain conditions, bio- 
synthesis of methyl groups does occur. 


‘> Precursors in the Biosynthesis of Methyl Groups: 


Evidence for the biological synthesis of methyl groups by the animal 


_ body soon stimulated a new direction of investigation, namely a quest for 
__ the possible precursors of methyl groups in intermediate metabolism. 


(Chemical Studies): duVigneaud and Verly (11) found that methyl 
alcohol may serve as a precursor of labile methyl groups. They noted also 
the formation of methyl groups in choline from formaldehyde and formate 
(12). This was in agreement with the work of Sakami (13) in his study on 


} acetone metabolism which was later confirmed by Welch and Sakami (10) 
| and by Siekevitz and Greenberg (9). Welch and Sakami having noted the 


formation of methyl groups from acetone (which compound was also shown 
to contribute to the formate pool) deduced, as a result of isotope studies, 





*Siekevitz and Greenberg also postulated that the methyl groups of choline and methionine 
and the a-carbon of glycine are specific formate donors for the B-carbon of serine. 
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that the synthesis of methyl groups from acetone probably occurred via for. 
mate. This was confirmed by administration of radioformate to rats, as well ; 
as by incubation of rat liver slices in the presence of radioformate.* In each 
case, radiomethyl compounds (methionine or choline, or both) were subse f 
quently isolated. Welch and Sakami stated, further, that studies were in | 
progress on homogenates and on “the possible role of folic acid and vita- 
min Bye in the synthesis by various tissues of compounds containing methyl 
groups. 





ee a 


(Role of Vitamin B,2): Earlier studies reported in the previous issue of 
this Review had developed the concept of a relation between the anti-anemia 
factors and the need for dietary methyl supplies. Growth of animals on diets 
free of methyl groups had been reported possible in the presence of liver \ 
extracts containing the anti-pernicious anemia factor provided the diet in- 
cluded, along with other essentials, an adequate supply of folic acid. (The 
occurrence of growth is evidence of protein synthesis which, in turn, means 
synthesis of the essential amino acid constituents, including methionine.) 
These studies were repeated by Stekol and co-workers (14, 15, 16) using 
pure, crystalline vitamin Bye in place of the crude liver extracts and either 
homocystine or homocysteine as the only sulfur-containing amino acids. 

In view of the synthesis of methionine (and, therefore, of methyl groups) 


een 





which must have occurred, Stekol and Weiss (16) concluded that the pre | - 
cursors of the carbon of these methyl groups must have been present in the | 

diet. They discussed the possible sources of this carbon, suggesting the amino ' lak 
acids — glycine and serine or their precursors — as the most likely con- (7 bo 
tributors. They stated, “we are not implying that these amino acids are methyl | mi 
group donors via metabolic degradation to intact methyl groups ... we are f) all 
suggesting that, in the course of metabolic interconversion of certain amino [) 0 
acids, carbon units are elaborated which serve as the carbon source for the | 

synthesis de novo of the methyl groups of certain metabolites, including |) re 
methionine and choline. Vitamin Bi2 and other dietary factors may playa — R. 


decisive role in these interconversions, in the synthesis and utilization of the 


labile methyl group, and possibly in what is known as transmethylation.” , | 
Interpretation of Earlier Findings: 


In the light of these newer findings it is possible to offer some explana- 
tion of the divergent findings reported in the first part of this Review.** As 
summarized by duVigneaud and co-workers (3): 


at 


+ pete: 





*Also present in the medium were homocysteine (serving as a precursor for methionine) and 
dimethylaminoethanol (precursor of choline) and the vitamins, folic acid and Bj. 

**cf, Borden’s Review of Nutrition Research, February, 1951 “I. Anti-Anemia Factors and the 

Biological Methylating Agents.” 






ell, 


ach 
ISe- 


ta- 


nyl 


11a 
ats 
ef 


wT we wT lUreeeUmhcCTlC hllhlC] 


ball -_— Waa 


EE eg Me ot Ft ba rae 


1 ERE OR PAE 


‘a 
a 





a: 





BORDEN’S REVIEW of NUTRITION RESEARCH 31 


In the original paper in which it was shown that homocystine plus choline 
could serve in lieu of methionine for growth purposes in the rat, it was noticed 
that an occasional animal could grow without choline. It was inferred that these 
animals were provided with methyl groups synthesized by their intestinal bacteria. 
It is now obvious that the methyl groups were being synthesized chiefly by the 
tissues and not by bacteria in the intestine. The suggestion first put forth by the 
Lankenau workers that vitamin factors may be involved in the synthesis of labile 
methyl groups in the tissues is now seen to be the probable explanation. It is now 
realized that the diet used in the early work (at Cornell) was extremely low in 
folic acid and vitamin B, 9. If vitamin B,, and folic acid bear a relationship to 
methyl metabolism in the tissues, the possibility exists that the occasional animal 
that did grow may have been able to do so because of bacterial synthesis of vitamin 
factors. This may have been the result of a difference in the bacterial flora or it 
may have been due to greater storage by such animals of B,, and folic acid from 
the pre-experimental diet. The more frequently encountered growth in the Lan- 
kenau Laboratories may be attributable, as suggested by the Lankenau workers, 
to the fact that their pre-experimental diet carried relatively large amounts of 
vitamin factors which may have been stored in the liver and later used in the 
experimental period. This is consistent with the now well-known storage of vita- 
min B,9. Of course, the pre-experimental diet, as these workers well realized, may 
also have affected the flora of the intestinal tract in such a way as to favor the 


synthesis of these vitamin factors. 


Conclusion: 


The newer studies on the biosynthesis and intermediate metabolism of 
labile methyl groups have re-emphasized the importance of these units in the 
body economy. The new light which has been shed on the relation of vita- 


| min Bye and of folic acid to the biosynthesis of methyl groups may, eventu- 


ally, be reflected to clarify the mechanisms whereby these vitamins function, 
not only in methyl synthesis, but in the complex picture of anemia as well. 


With respect to the significance of labile methyl group biosynthesis in 
relation to the dietary requirement for these units, duVigneaud, Ressler and 
Rachele (3) have pointed out: 


“The experience at Cornell Laboratories has been that even when fairly high 
levels of B,o and folic acid are present a source of labile methyl groups must be 
present in the diet immediately after weaning for the majority of animals to sur- 
vive. From the work of Griffith (17) it is known that the demand for choline is 
higher in the young rat shortly after weaning than later, to prevent hemorrhagic 
kidney. Undoubtedly some synthesis of the methyl group at this critical stage does 
take place but, in the majority of animals, apparently at a rate not fast enough to 
support normal development of the young animal. These results tend to place the 
biologically labile methyl groups in the same position that arginine holds with 
respect to the concept of the essential amino acids, in that it can be synthesized 
but not at a rate fast enough for the demands of the young growing rat. Thus, 
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in this sense, it can be regarded as an essential dietary component. A supply of 
preformed labile methyl groups in the diet may also become of considerable sig. 
nificance under special dietary or pathological conditions. Finally, it might be 





Ki 
added that the behavior of the biologically labile methyl group that is synthesized Yani 
within the body and used in the synthesis of a labile methyl compound is not ‘ Che 
distinguishable, so far as we know, from that of the biologically labile methyl [7 2. 
group that is presented to the body in the diet from the standpoint of the meta- |” mn 
bolic process of transmethylation.” i - 
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NEWS DIGEST 


VITAMIN DEFICIENCY ASSOCI- 
ATED WITH ANTIBIOTIC THER- 
APY: Preliminary clinical reports during 
the last year indicate that prolonged treat- 
ment of infections with a mixture of 
antibiotics (aureomycin and chloromyce- 
tin) may result in severe side effects char- 
acteristic of multiple vitamin deficiency. 
In one series of studies, in addition to 
the gastrointestinal symptoms of nausea 
and/or vomiting, heartburn, epigastric dis- 
tress and diarrhea, it was noted that the 
stools often became odorless. This was 
attributed to a change in normal intestinal 
flora. Changes in condition of the mucous 
membranes, closely resembling riboflavin 
deficiency, were also noted. The lesions 
failed to respond to oral vitamin therapy, 
but did improve after parenteral adminis- 
tration of a potent B complex preparation. 
Minor bleeding tendencies in various 
areas were reported and thought to be 
associated with a possible deficiency of 
vitamin K. Skin lesions in the perineal 
region resulting from fungus infection 
(with Candida albicans) was another find- 
ing. This was likewise attributed to the 
destruction of normal intestinal flora 
which ordinarily inhibit the growth o 
such fungi. : 


In another case report, similar symp- 
toms were noticed. Besides these, there 
were manifestations of peripheral neuri- 
tis, optic neuritis, severe gastrointestinal 
bleeding (associated with prothrombin 
deficiency), lesions of the tongue and of 
the skin of the nose, ear and armpits. 
Liver enlargement and slight impairment 
of liver function were also found. The 
investigators stated: 


“The conclusion that these disturbances 
resuited from the use of aureomycin and 
chloramphenicol* appears warranted from 
the sequence of events and is supported by 
_the reported experiences of others. Since 
both antibiotics were administered concur- 


rently, neither can be held solely respon. 
sible.” 


These studies emphasize the great im. 
portance of providing more than liberal 
supplies of B vitamins, and probably vita. 
min K, immediately following any pro. 
tracted course of treatment with antibio- 
tics, preferably via injection. — Yale J. 
Biol. & Med. 23 332 (1951). 


PHILIPPINE NUTRITION PRO. 
GRAM: Almost exclusive use of white 
rice fortified with added thiamine, niacin 
and iron was introduced on October 1, 
1948 among 63,000 people comprising 
the population of the east coast of Bataan 
in the Philippines.** The remainder of 
the province served as a control area te- 
ceiving the customary white rice. Com- 
parable clinical surveys of this popula 
tion, plus that of two other towns in the 
control area, were conducted during the 
latter half of 1947 and the latter half of 
1949. About 12,000 people were ex. 
amined in each survey, about 88% of the 
total number being individuals who were 
inspected in both surveys. The incidence 
of beriberi symptoms among these people 
declined 89% in the second survey as 
compared with the first in the expeti- 
mental area. In the control area (29,000 
people) the incidence of beriberi rose 
slightly during the same period. Beriberi § 
mortality has progressively declined in the 
experimental area from 263 per 100,000 § 
in 1947-48 to 28 per 100,000 in 1949-50. 
No deaths from beriberi were reported 
from April 1 to June 30, 1950. The 
mortality from infantile beriberi declined § 
53% in the experimental area from 194?- 
48 to 1948-49.—-]. Nutr. 42 (1950). 





*Chloromycetin 
**cf Borden’s Review of Nutrition Research, 
“Nutrition Highlights—1949”, Jan. 1950 
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